We investigated thermal properties of the epoxy-based composites with a high loading fractionup to ≈ 45 vol. % -of the randomly oriented electrically conductive graphene fillers and electrically insulating boron nitride fillers. It was found that both types of the composites revealed a distinctive thermal percolation threshold at the loading fraction > 20 vol. %. The graphene loading required for achieving the thermal percolation, , was substantially higher than the loading, , for the electrical percolation. Graphene fillers outperformed boron nitride fillers in the thermal conductivity enhancement. It was established that thermal transport in composites with the high filler loading, ≥ , is dominated by heat conduction via the network of percolating fillers. Unexpectedly, we determined that the thermal transport properties of the high loading 
various carbon fillers, including carbon nanotubes and graphene, can be clearly observed experimentally as an abrupt change in the electrical conductivity [34] [35] [36] [37] [38] [39] [40] . It is commonly described theoretically by the power scaling law [34] [35] [36] [37] [38] [39] [40] ~( − ) , where is the electrical conductivity of the composite, is the filler loading volume fraction, is the filler loading fraction at the electrical percolation threshold, and is the "universal" critical exponent in which ≈ 2 represents the percolation in three dimensions 34, 36 . However, in most of cases, the thermal conductivity of composites does not reveal such obvious changes as the loading fraction continues to increase.
There have been suggestions that thermal percolation threshold does not exist at all 27 . The common argument is that the electrically insulating matrix materials do not conduct electrical current but still conduct heat. Indeed, the ratio of the intrinsic thermal conductivity of graphene fillers, , to that of the epoxy matrix, , is ⁄~ 10 5 . The ratio of the electrical conductivity of the graphene fillers to that of the matrix can be as high as ⁄~ 10 15 . With such a difference in the ratios, the electrical conduction is only expected via the percolation network while the thermal conduction can still happen through the matrix 27, 41 .
Even if the thermal percolation is achieved it
is still an open question of how much of the heat flux is propagating via the percolated network of fillers in comparison with the thermal transport though the matrix.
There is also a very strong practical motivation for research of composites with the high loading of graphene. There is an increasing demand for better thermal interface materials (TIMs) for heat removal in electronics and energy conversion applications 2, 10, 42, 43 . Commercially available TIMs with the "bulk" thermal conductivity in the range from ~0.5 Wm can be produced inexpensively and in large quantities 44, 45 . Various methods of reduction of graphene oxide (GO) have also been reported 40, [46] [47] [48] . The progress in graphene and GO synthesis made FLG fillers practical even for the composites with the high loading fraction. One should note
here that FLG fillers with thickness in the range of a few nanometers are substantially different from milled graphite fillers with hundreds of nanometers or micrometer thicknesses. Much thicker graphite fillers do not have the flexibility of FLG and, as a result, do not couple well to the matrix.
In this Letter, we report the results of our investigation of heat transport in the epoxy composites with the high loading fraction -up to = 45 vol. % -of graphene and hexagonal boron nitride (h-BN) fillers. The second type of fillers -electrically insulating h-BN -was used for comparison with the electrically conducting graphene in order to establish the most general trends in thermal conductivity of composites with quasi-2D fillers. We established that both types of the composites revealed a distinctive thermal percolation threshold at the loading fraction ≈ 30 vol. % for graphene and ≈ 23 vol. % for h-BN. The onset of the thermal percolation was achieved at higher loading than the electrical percolation in graphene composites. It was found that the thermal conductivity of both composites in the entire range of loading fractions can be best described by the Lewis-Nielsen model 49, 50 . We discovered that contrary to conventional belief the thermal transport in composites with the filler loading ≥ is influenced strongly by the apparent crossplane thermal conductivity of the quasi-2D fillers such as graphene or boron nitride. At low loading, ≤ , most of the fillers are not attached to each other, and the thermal transport is governed by the thermal conductivity of the base polymer and the in-plane thermal conductivity of the fillers.
In order to achieve the high loading fraction of fillers, we had to use commercially produced graphene and h-BN fillers. In the thermal context, the term "graphene fillers" implies a mixture of graphene and FLG flakes with the lateral size and thicknesses in a certain range, differentiating such fillers from much thicker graphite flakes or nano-platelet graphite powder. The same terminology convention applies to h-BN fillers. The composite samples were prepared from the commercially produced graphene flakes (Graphene Supermarket) and h-BN flakes (US Research Nanomaterials, Inc.). The lateral size of the few-atomic-layer fillers of graphene ranged from ~2 μm to ~8 μm while the thickness varied from single atomic planes of 0.35 nm to ~12 nm.
The lateral dimensions of h-BN were comparable, in the interval from ~3 μm to ~8 μm. To obtain a uniform dispersion and avoid air gaps in the high loading composites we used an in-house designed mixer. The graphene and h-BN mixtures were not optimized for achieving the largest thermal conductivity enhancement 10, 11 . However, the consistent composition used for samples with all loading fractions, allowed us to reveal the percolation trends in such composites.
The composites were prepared in the form of disks with the radius of 25.6 mm and thickness of 3 mm (see Figure 1 (a) ). We paid particular attention to accurate determination of the mass density of the resulting samples ( Supplementary Figures 1 and 2 ). The procedures of the sample preparation and characterization are described in details in the Methods section and Supplementary
Materials. Below the percolation threshold ( < ), the fillers do not attach to each other while above it ( > ) they create a network of pathways for conducting heat (see the schematics in reported for thermal conductivity of few layer h-BN were found to vary from ~230 Wm [56] [57] [58] [59] . Theoretical calculations reports the thermal conductivity of single layer to few layer h-BN in the range from ~400 Wm The obtained thermal conductivity of epoxy composite with randomly oriented graphene fillers,
% is rather impressive, and exceeds that of the commercially available TIMs with a similar matrix. This value was obtained with commercial graphene, without additional processing steps. The thermal conductivity of the composites can be further increased at a fixed loading via optimization of the filler lateral sizes and thicknesses 11 . The fillers with the lateral sizes exceeding the phonon mean free path (MFP) in a given material are more efficient in heat conduction (see Supplementary Figure 7 and Supplementary Table 2 ). However, if the lateral dimensions become too large, the fillers can start folding and rolling, reducing the positive effect.
The filler thickness also has an optimum range. Single layer graphene (SLG) has the highest intrinsic thermal conductivity 1, 3 . However, the thermal conductivity of SLG also suffers the most from the interaction with the matrix material 3 . At the opposite extreme, FLG with the thickness approaching milled graphite, becomes a less efficient filler because it loses its mechanical flexibility. The latter results in weaker coupling to the matrix, i.e. larger thermal contact resistance.
Achieving the high loading of fillers required the use of commercial graphene and h-BN powders with limited control of the thicknesses and lateral dimensions. For this reason, the task of filler size optimization for attaining the maximum thermal conductivity enhancement is reserved for a future study.
We now turn to finding the best theoretical model which can describe the thermal conductivity of the composites over a wide range of . It is needed in order to elucidate the mechanism of heat conduction in the high loading composites above the thermal percolation. Such a model would also be useful for practical applications of composites with graphene or h-BN fillers. We have attempted to fit the experimental data with several of the most common models, including the Figure 2 (a-b) ). It was also not possible to find proper fitting parameters for the geometrical mean model to match the experimental results (see Supplemental Figures 5 and 6 ). We succeeded with the semiempirical model of Lewis-Nielsen, which provided the best fitting to the experimental data over the entire range of the loading fractions (Figure 2 (a-b) ). This model explicitly takes into account the effect of the shape, packing of the particles, and, to some degree, their orientation with respect to the heat flux. In the framework of this model, the thermal conductivity is expressed as
Here, the constant is related to the generalized Einstein coefficient as = − 1, and it depends on the shape of the fillers and their orientation with respect to the heat flow. The The values of and are not known for graphene, h-BN or other quasi-2D flake-like fillers.
Therefore, in this study, we used and as the fitting parameters to gain insight into the thermal transport in composites with the high loading of quasi-2D fillers. The maximum packing fraction was assumed to be 0.52, which corresponds to the three dimensional randomly packed fillers inside the polymer matrix 50 . This is a reasonable assumption since as the filler content increases regions -explains a rather gradual change of the thermal conductivity of the composites at the thermal percolation limit as opposed to a very abrupt change in electrical conductivity at electrical percolation limit. The thermal boundary resistance at the interface between two fillers or at the interface between the filler and epoxy matrix is also a factor, which prevents an abrupt enhancement of the thermal conductivity of the composite as the filler content exceeds the thermal percolation threshold. One can view the extracted thermal conductivity of the fillers as an average apparent quantity, which has contribution from the cross-plane thermal conductivity, implicitly includes TBR between the two overlapping flakes, and is affected by the filler exposure to the matrix material.
To further confirm the conclusion based on the physical model fitting to the experimental data, we conducted a computational study, solving the steady-state heat diffusion equation for a composite region with two overlapping fillers. The schematic of the system is shown in the inset of Figure 3 (a). We consider two identical graphene fillers with the lateral dimensions of 100 nm × 100 nm explains why the thermal conductivity depends linearly on the loading at lower concentrations ( < ) and super-linearly on the loading at higher concentrations ( > ). At ≤ , the heat is carried mostly via the epoxy matrix, in which the thermal conductivity is enhanced by separate islands of the fillers. However, at ≥ , the heat is conducted mostly via the connected network of fillers with the apparent thermal conductivity limited by the cross-plane thermal conductivity, which is still an order of magnitude higher than that of the epoxy. − two orders of magnitude larger than for the samples with ≤ 3 vol. % of the filler loading. The change in the temperature dependence of the thermal diffusivity can be explained from the following considerations. Below the percolation limit, the heat is conducted mostly through the disordered matrix, with only small fraction via the thermally conductive fillers. For this reason, the thermal diffusivity does not depend on temperature, or depends very weakly, as typical for amorphous materials in the examined temperature range. Above the percolation limit, heat mostly or partially travels via the percolation network, made from crystalline fillers such as graphene or h-BN. In this case, the temperature, , dependence starts to evolve closer to 1⁄ law, characteristic for crystalline solids above RT. In this sense, the change in ( ) functional dependence can be used as an additional criterion for distinguishing the onset of the percolation transport regime in the high loading composites. The change in the nature of heat conduction above the thermal percolation limit becomes even more clear if one examines the temperature dependence of the thermal conductivity in the composites with the gradually changing filler content, from = 0 to > (see Figure 5 ). The thermal conductivity of the pristine epoxy increases slowly and monotonically in the temperature range from ~20 ℃ to ~110 ℃ as expected for amorphous or disordered electrically insulating materials. As a small loading fraction of graphene (2.7 vol. %) is added to the epoxy, the thermal conductivity shows a maximum at = 100 ℃, and then starts to decrease. Addition of more graphene results in the increase of the thermal conductivity and the shift of to lower temperatures owing to the gradual change of the structure of the composite from more amorphous to more crystalline due to the filler introduction. The maximum in thermal conductivity functional dependence on temperature, ( ), is reminiscent of that in crystalline solids, although the maximum in our thermally percolated composites happens at substantially higher temperature. The thermal conductivity of the pristine epoxy increases gradually with temperature as expected for amorphous or disordered materials. Addition of graphene results in the increase in the thermal conductivity and change in the thermal conductivity's dependence on temperature. Note an appearance of a pronounced maximum in the thermal conductivity and its shift to low temperatures as graphene filler content increases.
In conclusions, we investigated the thermal conductivity and thermal diffusivity of epoxy composites with the high loading fraction of graphene and h-BN fillers. It was found that both types of the composites revealed a distinctive thermal percolation threshold at a rather high loading fraction > 20 vol. %. The changes in thermal transport at high loading fractions were confirmed by the temperature dependence of the thermal diffusivity. The graphene fillers outperformed boron nitride fillers in terms of thermal conductivity enhancement. It was also established that the thermal conductivity of both types of the composites can be best described by the Lewis-Nielsen model.
The surprising finding is that in the high loading composites with quasi-2D fillers, the apparent cross-plane thermal conductivity of the fillers can be the limiting factor for heat conduction. The obtained results are important for developing the next generation of the thermal interface materials. 20 | P a g e 10 nm. The heat transfer in the regions of the matrix (m) and graphene fillers (g) was described by their respective thermal conductivities , , as ∇ ⋅ � , ∇ , � = 0. The fixed temperature boundary conditions were applied along the left and right faces of the simulation domain while all other faces were assumed to be adiabatic, ⁄ = 0 where is the outward normal to the surface.
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